death in men around the world and in underdeveloped countries; it is mainly caused by infection, accounting for about 77 percent of liver cancer cases all around the world. While in developed countries, liver cancer is the 6 th major causes of cancer mortality among men. During 2012, about 782,500 liver cancer cases were newly diagnosed and 745,500 deaths recorded all around the world, with China alone accounting for about fifty percent of the total cases and deaths. About seventy percent to ninety percent primary liver cancers occurring worldwide are hepatocellular carcinoma (HCC) [1] .
HCC is one of the most fatal forms of cancer around the world, for its high metastatic potential, recurrence and resistance to drugs. Abnormal regulation of the equilibrium between cell death and proliferation is a predominately marker in human hepatic carcinogenesis. One of the most famous changes in HCC is that the Spred family of Ras/ERK inhibitors is abnormal regulated and the expression level of PTEN is also decayed or deleted in nearly half of the HCCs cases, which consequently result in the over-activation of associated survival kinases: ERKs and Akt. Changes in the expression level and protein activity of functional molecules involved in neutralizing apoptosis, such as NF-κB, Mcl-1, c-IAP1, and Bcl-X(L), have also been identified in HCC [2] . Hepatitis B virus (HBV) infects the liver and could cause acute or chronic liver diseases which might give rise to liver cirrhosis and hepatocellular carcinoma [3] . Hepatitis C virus (HCV) Chronic infection is one another virus related risk factor for hepatic carcinogenesis. HCV core, NS5A, NS4B and NS3, are four major HCV gene products which have demonstrated potential transformation activity in tissue culture and a few potential oncogenic pathways. It has been shown that the above pathways are changed by HCV protein products. HCV core and
Introduction
In men, liver cancer is much more common compared to women. Liver cancer is the 2nd major cause of cancer v-SRC, the transforming protein of Rous Sarcoma Virus, and its anthropic homolog c-Src possesses prominent historical importance for it was the first protumor gene to be discovered and the protein was the first confirmed tyrosine kinase [6] . It is the prototypic member of a family of non-receptor membrane-associated tyrosine kinases including Src, Yes, Fyn, Lyn, Blk, Fgr, Hck, Yrk, and Lck. Among them, Src, Yes and Fyn are pervasively expressed in multiple tissues, with relative higher intensities in osteoclasts, platelets, and neurons [7] Src participates in the stabilizing of normal cell homeostasis and in extensiveness physiological functions involving cell survival and proliferation, managing of the cytoskeleton and cell shape, keeping of intercellular contacts, cell-matrix adhesion, and motility [8] . Under physiological conditions Src regulates basic activities of the cell, while in liver cancer, a process in which basic activities are profoundly perturbed, Src is definitely involved. The regulation of the Src family by Csk had been reviewed by Okada [9] .
Recently, the Src signaling pathways in prostate cancer had been reviewed by Varkaris et al. [10] Illuminating the underlying mechanisms of SRC signaling in HCCs is required for improving diagnosis, therapy and prognosis. In this study, we reviewed newly found regulation pathway of SRC signaling, and novel molecules that directly or indirectly targeted Src signaling which can be utilized in the treatment of liver cancer.
The molecular basis of Src signaling regulation
The Src family kinases (SFKs) are comprised of nine structurally similar non-receptor protein tyrosine kinases (Src, Fyn, Yes, Lyn, Blk, Fgr, Hck, Yrk, and Lck) [8] . SFKs' amino acid composition consists of a conserved arrangement of four different function domains, named Src homology 2/3/4 (SH2/3/4) domains, catalytic domain, and a C-terminal regulatory domain [11] . The N-terminal unique SH4 domain facilitates myristoylation and palmitoylation. The myristoylation of glycine residue of each of the SFKs is required for membrane attachment, regulating kinase activity and intracellular stability. The palmitoylation of cysteine residues of all the SFKs except Src and Blk is crucial for the membrane attachment and SFKs' trafficking [12] . The SH4 domain is followed by a region that is unique to each family member. SH3 and SH2 domains allow the association and interaction with adaptor and signaling proteins involved in the formation of complexes. Specifically, the SH3 domain leads to Src complexes with proteins having peptide sequences rich in proline and other hydrophobic amino acids [13, 14] . These protein-protein interactions form a polyproline type II helix that associates with the hydrophobic sequence of SH3 domain. The SH2 domain has high affinity for phosphotyrosine containing sequences (pTyr-Glu-Glu-Ile) [15] . Association of SH2 and peptides resembles a twopronged plug (peptide) engaging a two-"holed" socket (SH2). Phosphotyrosine occupies the first "hole", whereas isoleucine occupies the second SH2 "hole". SH2 and SH3 domains further regulate the kinase activity through intramolecular interactions, and provide some specificity for protein-protein interactions of individual SFKs. The catalytic domain possesses the intrinsic tyrosine kinase activity of the molecule and is followed by a C-terminal regulatory domain [16] . The intricacy regulations of the activity of the SFKs have been summarized before [9, 10, 17] .
Expression of SFKs in liver cancer
As far as it's known that, there is no somatic mutation in the SFK genes that have been detected [7, 18] . Thus, dysregulation of SFKs must have played a crucial role in the etiology of various human diseases such as liver cancers. After analyzing 52 northern Chinese patients with HCC using immunohistochemistry, Zhao et al. [19] found that the expressions of t-Src and p-Src (phospho-Y416) in HCC tissue were significantly higher than those in adjacent nontumor tissue. In addition, the expression level of total Src was found to positively correlated with tumor stage, cellular differentiation, metastasis and the expression level of CA19-9 significantly, which is a tumor marker, and abnormal expressed in many types of cancer including hepatocellular carcinoma. While, the expression level of p-Y416 Src was only significantly correlated with tumor stage.
Roles of SFKs in liver cancer tumor cell growth
ASPP2 containing ankyrin repeat, SH3 domain, and proline-rich region protein (ASPP), was found to significantly inhibit FAK/Src/ERK signaling. It can directly interact with the CSK protein and activating the kinase activity of CSK, which consequently result in the downregulation of Snail expression mediated by activator protein 1 (AP1). Inhibition of ASPP2 induced stem-like properties of HCC cells and resistance to drugs, including the formation of hepatospheroids, expansion of side population fractions, expression of stem cell-associated genes, loss of chemosensitivity, and promoted carcinogenesis in mice model [20] .
Hepatitis B virus (HBV)-X protein (HBx), a hepatitis B viral protein product, is a transactivator of several genes of the host, including alpha-fetoprotein (AFP) and alpha-fetoprotein receptor (AFPR) which accounts for HBV-induced carcinogenesis. The expressions of AFP and AFPR are associated with hepatocellular carcinoma (HCC) stem-like cells. HBx prefers to increase the expression levels of AFP and AFPR, which consequently activate Src expression. Ly294002 and GDC0941, which are Phosphatidylinositol 3-kinase(PI3K) inhibitors, can functionally suppress AFPR-induced increase of c-Src in AFPR positive HCC cell lines. Above all, it can confirm a pathway of AFPR/PI3K/Src [21] .
It has been reported that transforming growth factor beta-interacting factor (TGIF) can inhibit arsenic trioxideinduced apoptosis of HepG2 cells. During this process, c-Src/AKT pathway is the key regulator that regulates TGIF-induced Nox4 activation and subsequent superoxide production [22] .
Hepatic transmembrane 4 L six family member 5 (TM4SF5) enhance EMT process for the malignancy of cancer cells. TM4SF5/CD44 interaction increased the phosphorylation of residue 416 of c-Src/STAT3/Twist1/ Bmi1 signaling for spheroid formation. On the contrary, perturbation of the interaction, expression or activity of any component in the axis blocked the process of spheroid formation. TM4SF5 can bind directly to CD44 by their extracellular N-glycosylation modified domains. Besides, TM4SF5 can enhance self-renewal and circulating tumor cells (CTC) properties through depending on TM4SF5(+)/ CD44(+(TM4SF5-bound))/ALDH(+)/CD24(-) biomarkers during metastatic process of HCC [23] .
Roles of SFKs in liver cancer development and metastasis
Tumor metastasis is a complicated process, involving elevated circulating and tumor-initiating activities of metastatic cancer cells, and considered as a dynamic procedure in the development of tumor which is associated with off normal migration and invasion activities of the cancer cells. Self-renewal and circulating tumor cell (CTC) characteristics for tumor metastasis are highly affected by epithelial-mesenchymal transition (EMT). Although tumor metastasis is a lethal procedure for tumor-bearing patients, which is initiated by blood circulation of tumor cells, the mechanism of self-renewal and circulating activities is still to be elucidated. Amoeboid and mesenchymal-type are two interconvertible modes of migration of tumor cells when they move as individual cells. The phosphorylation level of Src (tyrosine 416 phosphorylated) can be increased by CD147, which is also known as basigin (an extracellular matrix metalloproteinase inducer and determinant for the Ok blood group system). It has been found that this affection of CD147 is mainly modulated by focal adhesion kinase (FAK). Dedicator of cytokinesis protein 8 (DOCK8) is a GEF for Rac1, and functions as a major protein which drives mesenchymal-type migration. DOCK8 expression and Rac1 activation can be promoted by STAT3, whose phosphorylation is regulated by the activation of c-Src [24] .
Liver fatty acid-binding protein (L-FABP) is rich in hepatocytes and is known to be involved in lipid metabolism. It was found that L-FABP is associated with VEGFR2 on lipid rafts activating the Akt/mTOR/ P70S6K/4EBP1 axis and Src/FAK/cdc42 axis, which resulted in the accumulation of VEGF-A and an increase in both angiogenic and migration activity [25] .
It is known that cell surface GRP78 is a multiple functional receptor, which has been found to contribute to proliferation and anti-apoptotic signaling pathways as supported by emerging data. The association of cell surface GRP78 with alpha2M*, of which the activated form is a natural circulating ligand for cell surface GRP78, is found to contribute to the modulation of proliferation and survival of cells in cancers. GRP78 could interact with c-Src directly and consequently increased the phosphorylation level of c-Src at 416 tyrosine residue. The stimulation effect induced by the association of GRP78 with alpha2M* could be eliminated by PP2, which is the inhibitor of the tyrosine kinase activity of c-Src. In addition, the association of GRP78 with alpha2M* can enhance the interaction between c-Src and EGFR, and consequently increased the phosphorylation levels of EGFR at 1101 and 845 tyrosine residues, elevating the migration and invasion activity of HCCs. However, the binding of EGFR and Src was not affected by PP2 [26] . The development of acquired resistance to 5-FU, which is one of the standard first-line chemotherapeutic drugs for the therapy of hepatocellular carcinoma, restricts its clinical applications. Although several intense investigations have been conducted focusing on this phenomenon, acquired resistances to 5-FU are still remains to be resolved. Gu et al. [27] had reported that over-expression of cell surface GRP78 accounted for the acquired resistance to 5-FU in HCC through modulating the c-Src/LSF/TS pathway. Cell surface GRP78 binds directly to the ATPase domain of c-Src promoting the phosphorylation level of 416 tyrosine residue in c-Src, which results in the increase of LSF expression.
The expression deficiency of Caspase-8 is occurred in a few of tumors, which suggest that the perturbation of its function may contribute to the progression of cancer. Accordingly, it has been identified that Caspase-8 possessed several non-apoptotic functions and has the ability to regulate cell adhesion, migration and to facilitate the progression of tumor. Fianco et al. [28] found that Caspase-8 expression in hepatocellular carcinoma cell lines may promote cell transformations. In their studies, Caspase-8 is phosphorylated on amino acid Tyr380 residue in a c-Src dependent manner whose phosphorylation is very important for cell transformations and enhanced by hypoxic conditions. Interestingly, the function of Caspase-8 described above is distinct from its catalytic activity. Their study demonstrates another role for Caspase-8 in hepatic cancer, which suggests that the phosphorylation of Tyr380 residue of Caspase-8 may present a molecule switch to turn its role from tumor suppressor to tumor activator.
The newly found regulation network was summarized in Figure 1 .
Clinical experience with inhibitors of Src signaling
Saracatinib, is the first Src inhibitor to exhibit inhibitory activity to Src signaling in human tumor tissues. Xiong et al. [29] had reported that the administration of saracatinib can reduce the metastasic potential in an orthotopic xenograft HCC model, while the proliferation of tumor cells was not affected. Saracatinib treatment can cause reduced phosphorylation of Src pathway signaling molecules, such as c-Src, STAT3 and FAK, in vitro and in vivo. Hepatitis B virus (HBV)-related hepatocellular carcinoma (HCC) often occurs in male subjects, which is mainly modulated by the enhancement of androgen receptor (AR) activity mediated by hepatitis B X (HBx). Using a HBx transgenic mice model, Wang et al. [30] showed that Sorafenib markedly blocked the HBx-mediated AR activity via stimulating phosphatase activity of SHP-1, which suppress the overactivation of Akt/GSK 3β and c-Src by HBx.
Cell cycle, regulation of gene expression, responses to cellular stress and many other cellular processes are dependent on proteasomes. Agents that inhibit these proteases are a promising anti-cancer agents. Bortezomib, a proteasome inhibitor, can effectively suppress protease activity in several cancers, including myeloma and lymphoma. While, solid tumors, including hepatocellular carcinoma are poorly inhibited by bortezomib [31] . Hou et al. [32] studied the mechanism behind this and concluded that reactive oxygen species (ROS) triggered the activation of the Src/EGFR/Akt signaling pathway by bortezomib. Based on these findings, the combination of bortezomib and saracatinib can synergistically induce hepatoma cell apoptosis.
SKLB-329, a multikinase inhibitor, could significantly suppress the growth of HCC cells via potently inhibiting angiogenesis-related kinases like VEGFR1, VEGFR2, VEGFR3, FGFR2, and c-Src. The inhibition effect of SKLB-329 is dependent on the depression of c-Src-modulated activities of FAK and Stat3. With a higher potency compared with sorafenib, SKLB-329 could perturb growth, migration, and invasion of endothelial cell, and inhibit tube formation significantly [33] .
Corosolic acid, extracted from the root of Actinidia chinensis, has a significant antagonism effect on HCC cells. Corosolic acid can directly interact with the ATP binding pocket of VEGFR2, and inhibit the kinase activity of VEGFR2. Depression of the VEGFR2/Src/FAK/CDC42 axis caused by Corosolic acid, subsequently decreased F-actin formation and migratory activity of the cells in vitro. An in vivo mouse model showed that Corosolic acid exhibited a significant effect on tumor growth with a relative low dose. Ku et al. [34] further demonstrated that the combination of Corosolic acid and sorafenib can synergistically affect tumor growth with a wide range of concentrations.
Antcin K, which is extracted from the fruiting body of basswood-cultivated A. cinnamomea, could inhibit the adhesion, migration and invasion abilities of Hep3B cells. The expression levels of integrin beta1, beta3, alpha5 and alpha V, and the phosphorylation of FAK, Src, PI3K, AKT, MEK, ERK, and JNK could be decreased by Antcin K. Coupled with the above findings; antcin K is a promising agent to lower the risk of liver cancer metastasis [35] .
Conclusion
Src signaling plays a crucial role in maintaining cellular proliferation, invasion, migration, angiogenesis, and drug resistance of liver cancer. ASPP2, TIGF, L-FABP, GRP78, CD147, and TM4SF5/CD44 are newly found molecules that contribute to HCCs through Src signaling. Saracatinib is the first Src inhibitor to exhibit inhibitory activity of the Src signaling in human tumor tissues, and the first targeted drug approved by the FDA (food and drug administration) for the treatment of HCC. Drug resistance, side effects, toxicities, and many other problems need to be resolved to improve the outcome of treatment. Recently, many novel small molecules targeting Src signaling, or synergistic to TKIs were developed to overcome some of the aforementioned problems. ASPP2, TIGF, L-FABP, GRP78, CD147, and TM4SF5/CD44 are promising targets for the treatment of liver cancer.
